DNAase I footprinting has been used to study open complexes between Escherichia coli RNA polymerase and the galactose operon P1 promoter, both in the absence and the presence of CRP (the cyclic AMP receptor grotein, a transcription activator). From the effects of deletion of the C-terminal part of the RNA polymerase alpha subunit, we deduce that alpha binds at the upstream end of both the binary RNA polymerase -galP1 and ternary RNA polymerase -CRP -galP1 complexes. Disruption of the alpha-upstream contact suppresses open complex formation at galP1 at lower temperatures. In ternary RNA polymerase-CRP-ga/PT complexes, alpha appears to make direct contact with Activating Region 1 in CRP. DNAase I footprinting has been used to detect and quantify interactions between purified alpha and CRP bound at galP1.
INTRODUCTION
The regulatory region of the E.coli galactose (gat) operon contains two promoters, PI and P2 (1) . These promoters are regulated by the cyclic AMP receptor protein (CRP), PI being activated by CRP, whilst P2 is repressed. At galPl, the binding site for CRP is centred between base pairs -41 and -42 upstream from the transcript start site, and this is generally taken as the paradigm for Class II CRP-dependent promoters (Class n refers to promoters where bound CRP overlaps the -35 region, in contrast to Class I promoters, such as in the lac operon, where CRP binds upstream) (2) . To study activation of galPl by CRP, we and others have worked with derivatives of the gal operon regulatory region carrying single point mutations that destroy P2 (3, 4) . Studies with these P2~ mutant promoters show that, although galPl can be activated by CRP, it is substantially active, both in vivo and in vitro, in the absence of any transcription activator. Physical methods such as footprinting can, therefore, be exploited to probe the binding of RNA polymerase both in the absence and the presence of CRP.
In previous studies we have shown that galPl in the absence of CRP is an unusual promoter: transcription initiation is not substantially affected by changes in the -35 region, whilst the base sequence upstream of -49 is essential for optimal expression (5, 6) . In agreement with this, we found that bases in the -50 to -60 region were clearly protected in DNAase footprints of 1:1 open complexes between RNA polymerase and promoter DNA (6, 7) . To explain this observation, we proposed that, in the absence of the normal contact between sigma and the -35 hexamer, upstream sequences wrapped around the RNA polymerase to provide a supplementary contact necessary for optimal transcription initiation (5) (6) (7) (8) . Further support for the atypical nature of open complexes at galPl came from the observation that open complexes could form at low temperatures: whilst most E.coli promoters carrying consensus -10 and -35 hexamer elements are sharply inactivated at temperatures below 30°C, substantial galPl activity could be found at temperatures as low as 14°C (9, 10) . It has been suggested that the promoter activity at low temperatures is a consequence of the extended upstream contact (9) .
In a recent study of the E.coli rrnB PI promoter, where upstream contacts are also essential for optimal activity, it was shown that the alpha subunit of RNA polymerase made the crucial contacts with the upstream region and that alpha could bind directly to certain DNA sequences (UP-elements) (11) . Starting with the premise that alpha might play a similar role at other promoters, Kolb et al. (12) showed that alpha could make upstream contacts at the E.coli lacUV5 promoter. In the first part of this study we have used RNA polymerase reconstituted with alpha carrying a C-terminal deletion to investigate the role of alpha in open complexes at galPl. Our evidence suggests that alpha is responsible for the upstream contact and that removing this contact stops open complex formation at low temperatures.
*To whom correspondence should be addressed In the second part of this work we have investigated the role of alpha in activation of galPl by CRP. Previous work has shown that RNA polymerase binds both upstream and downstream of the bound CRP dimer in open complexes (13) . The simplest model to explain data from a variety of experiments is that CRP contacts RNA polymerase and simply reinforces the CRPindependent complex (5, 8, 10) , the CRP-induced bend promoting the upstream contact (reviewed in 14) . In this work we have exploited the observation that deletion of die C-terminal of alpha does not prevent CRP-induced open complex formation at galPl (12, 15, 16) , and have used footprinting to investigate the position of alpha in these complexes. Our results show that alpha binds upstream of CRP in the ternary CRP-RNA polymerase-galPl complex.
MATERIALS AND METHODS
Standard methods for DNA manipulation and characterisation were used throughout (17) . In this study we have worked with the 144 base pair £coRI-HindUH fragment carrying the E.coli gal regulatory region as described in ref. 18 : this fragment encodes gal sequence from -92 to +45 with respect to the galPl transcript start site (Figure 1) , with an EcoRl linker cloned upstream and a HindHl linker downstream. The fragment carried the GC to TA transversion at -19 that completely inactivates the P2 promoter (19) and was cloned between the £coRI and HindYE sites of pBR322. For footprinting experiments, Pstl-HindUl fragments were prepared from plasmid purified from Caesium Chloride gradients, and labelled with >-32 P ATP at the HindTR end (on the 'bottom' strand of galPl).
The UM1 promoter was derived by replacing the CRP-binding site of the E.coli melR promoter (20) with a synthetic 31 base pair BgM-BamHl fragment carrying the alpha-binding UP element from the E.coli rrnB PI promoter (11) . This resulted in a synthetic promoter carrying an alpha-binding UP element cloned upstream of the melR transcription start region ( Figure  5 ): the promoter was carried on an £coRI-HindUl fragment which was cloned in pBR322. For footprinting, purified Psil-Hindm fragments were labelled with 7-32 P ATP at the Hindm end.
Holo-or alpha-256 RNA polymerase were prepared in Mishima from purified full length or truncated RNA polymerase subunits, as previously detailed (21) and activity was controlled as described by Kolb and coworkers (12) . Purified alpha subunits were prepared in both Mishima and York. CRP and CRP HL159 were purified in both Birmingham and York by the Ghosaini metiiod (22) . DNAase I footprinting studies were carried out on labelled fragments using the protocols developed by Kolb and coworkers (12) . Unwinding of galPl DNA in open complexes was measured using permanganate as a probe as in Grimes et al. (9) . All gels were calibrated with Maxam-Gilbert G sequence ladders. 
RESULTS AND DISCUSSION
DNAase I footprinting of binary and ternary complexes at galPl Figure 1 shows the base sequence of the top strand of the gal operon regulatory region carrying the pl9T substitution that (Figure 2 lane c) . The simplest interpretation of this result is that the extended upstream footprint at galPl is due to the binding of alpha, most likely the C-terminal region. Note that this result is very similar to that found by Kolb et al. (12) who showed that truncation of the C-terminal of alpha enhanced attack of bands just upstream of -40 in open complexes at the lacUV5 promoter: however, the upstream protection at lacUV5 was not as extensive as with galPl.
The DNAase footprinting experiment was repeated in the presence of cAMP-CRP (Figure 2, lanes d-f) . Binding of the CRP dimer alone resulted in the clear protection of bases from -54 to -29 (lane d): two enhanced bands, characteristic of CRPinduced bends in the DNA are seen in the footprint (3,13) . When holo-RNA polymerase is added (lane e), these two enhanced bands remain, and a clear footprint around the transcript start is seen. Additionally, as expected, substantial protection of bands upstream of the bound CRP as far as -70 is seen, and some bands further upstream are more weakly protected. With alpha-256 polymerase (lane f), the protection around the transcription start and CRP site remains, but none of the bands upstream of the CRP site are protected. Again, the simplest interpretation is that the upstream protection in ternary CRP-RNA polymerase-galPl complexes is due to binding of the C-terminal of alpha, which is located upstream of the bound CRP dimer.
Transcription activation by CRP at Class II promoters such as galPl involves a number of contacts between 'Activating Regions' of CRP and RNA polymerase (23-26; R.H.Ebright, personal communication). The best-characterised Activating Region consists of the surface-exposed amino-acids around Histidine 159. Numerous studies with the E.coli lac promoter show that this region, known as Activating Region 1, makes direct contact with a target in the C-terminal region of the RNA polymerase alpha subunit (reviewed in 2 and 16; see also 27). Activating Region 1 can be disrupted by the HL159 substitution (23) (24) (25) . Although this substitution reduces transcription activation at many CRP-dependent promoters, ternary complexes still form readily at galPl, most likely because the other Activating Regions in CRP compensate for the disruption of Activating Region 1 (12, 26) . The DNAase footprinting experiment at galPl was, therefore, repeated using CRP carrying the HL159 substitution ( Figure 2, lanes g-i) . As expected, CRP HL159 gave a footprint from -54 to -29, with the two enhanced bands showing clearly (lane g). With holo-RNA polymerase a clear footprint is seen both upstream and downstream of the CRP (lane h). The downstream footprint is identical to that seen with wild-type CRP. However, the upstream footprint shows the appearance of five clear bands between -50 and -60 that are not present in the footprint with wild-type CRP (compare Figure  2 , lanes e and h). These are amongst the bands that become sensitive to DNAase when alpha-256 polymerase is used, and this is confirmed by the result in Figure 2 lane i, which shows that the C-terminal deletion in alpha removes all protection of bands upstream of bound CRP. The simplest interpretation is that the HL159 substitution disrupts an interaction between the upstream alpha and CRP, resulting in several bonds upstream of bound CRP becoming DNAase-sensitive.
Temperature-dependence of open complex formation at galPl
The effects of the alpha-256 deletion on the temperaturedependence of open complex formation at galPl were investigated, using permanganate as a probe for unpaired thymines. Panel I of Figure 3 shows the pattern of permanganatesensitive bands in open complexes formed at different temperatures with holo-RNA polymerase: as reported previously (9), open complexes form at temperatures as low as 14°C and thymines at -11, -5 and +3 are attacked by permanganate. Panel II shows the result of the experiment repeated with alpha-256 polymerase. At 37°C, open complexes form algalPl giving bands at -11, -5 and +3, but these complexes do not form at lower temperatures. At 37°C, supplementary bands appear at +8/+9 and +14/ +15. These bands are due to some occupancy of a third gal promoter, P3: this is a weak promoter that directs transcription initiation at +14, and which is only active in conditions where galPl or galP2 are weakened (28) (29) (30) . The simplest explanation for these results is that the deletion in alpha weakens polymerase-galPl interactions such that open complexes are not formed at lower temperatures and binding to galP3 becomes competitive. No occupancy of P3 is found at lower temperatures. The temperature-dependence of open complex formation at galPl was also investigated in the presence of CRP. Panel in of Figure 3 shows that the pattern of thymine reactivity in ternary CRP-wild type RNA polymerase complexes at galPl is the same as in the absence of CRP. With alpha-256 polymerase a similar pattern of reactivity is observed (Panel IV) although less open complex formation was found at lower temperatures. However, with alpha-256 polymerase, CRP clearly promotes open complex formation at lower temperatures (Panels II and IV). Note that, in the presence of CRP, no occupancy of P3 is found (in agreement with previous studies, reference 29) . Panel n of Figure 4 shows a titration of purified alpha into preformed CRP-galPl complexes. Quantitation of the increasing alpha-triggered upstream and downstream protection shows that the binding constant for interaction of alpha is 1 -2 fiM in our conditions. In a parallel experiment in the absence of CRP, no alpha-triggered protection was seen (not shown). To check our preparations of alpha, this titration was repeated with a DNA fragment carrying the well-characterised alpha-binding UPelement from the E.coli rrnB PI promoter (11). The results in 
CONCLUSIONS
In a recent study, Gourse and collaborators showed that the purified RNA polymerase alpha subunit could bind directly to upstream sequences (the UP-element) at the rrnB PI promoter and that, in open complexes at this promoter, this contact was responsible for enhanced promoter activity (11) . In this study we have shown that, although purified alpha is unable to bind to galPl, alpha protects upstream sequences in open complexes at galPl, both in the presence or absence of CRP. This protection is likely to be due to binding of the C-terminal part of alpha to the promoter, since alpha contains an independently folded Cterminal DNA-binding domain (31) . In previous work we showed that upstream sequences at galPl were essential for optimal transcription initiation, and that an unusual property of galPl was that it could function at low temperature (5-9). Our results show that disruption of the upstream contact results in loss of promoter activity at low temperature, and are consistent with a model in which function at low temperature is a consequence of extended upstream contacts. Figure 6 shows a sketch of the probable arrangement of open complexes at galPl with and without CRP: in the ternary complex alpha binds just upstream of the CRP dimer and is shown making direct contact with CRP via Activating Region 1. The figure is adapted from Zhou et al. (32) , who showed that, although the CRP dimer contains an Activating Region 1 in each subunit, it is only the Activating Region in the upstream subunit of the CRP dimer that makes contact with RNA polymerase during transcription initiation at Class II promoters. Taken together, the evidence suggests that, in this situation, alpha makes contact with just the upstream subunit of the CRP dimer, whilst the downstream subunit is likely to make alternative contacts with other parts of RNA polymerase (24, 26 On the basis of their study of the rrnB PI promoter, Gourse and colleagues suggested that DNA-binding sites for alpha constitute a 'third recognition element' for RNA polymerase. Clearly galPl carries such an element, although, in this case, alpha binding must be 'tutored' by the other RNA polymerase subunits and CRP. The experiment with purified alpha and CRP (Figure 4 ) argues strongly for a direct contact between alpha and CRP and should provide a simple assay for investigating the molecular basis of this key interaction.
